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ABSTRACT   
In this work we present the fabrication of silica hollow core photonic crystal fibres (HC-PCF) with guidance at 2.94µm.  
As light is confined inside the hollow core with a very small overlap of the guided E-M wave with the fibre material, the 
high intrinsic loss of silica at these mid-infrared wavelengths can be overcome.  The band gap effect is achieved by a 
periodic structure made out of air and fused silica. As silica is bio-inert, chemically stable and mechanically robust, these 
fibres have potential advantages over other multi-component, non-silica optical fibres designed to guide in this 
wavelength regime. These fibres have a relatively small diameter, low bend sensitivity and single-mode like guidance 
which are ideal conditions for delivering laser light down a highly flexible fibre. Consequently they provide a potential 
alternative to existing surgical laser delivery methods such as articulated arms and lend themselves to endoscopy and 
other minimally invasive surgical procedures. In particular, we present the characterisation and performance of these 
fibres at 2.94 µm, the wavelength of an Er:YAG laser. This laser is widely used in surgery since the wavelength overlaps 
with an absorption band of water which results in clean, non-cauterised cuts. However, the practical implementation of 
these types of fibres for surgical applications is a significant challenge. Therefore we also report on progress made in 
developing hermetically sealed end tips for these hollow core fibres to avoid contamination. This work ultimately 
prepares the route towards a robust, practical delivery system for this wavelength. 
   
Keywords: Hollow Core-Photonic Crystal Fibre (HC-PCF), Er:YAG, Surgery, Fibre delivery, End-tip, End-cap, Fibre 
sealing,  
 
1. INTRODUCTION  
The Er:YAG laser radiation at 2.94µm is used in medical and surgical applications, due to the high absorption of water at 
this wavelength (see Figure 1). A result of this high absorption is a small penetration depth and therefore the unique 
capability of high ablation rates and precise tissue ablation with a minimal heat affected zone. The most common method 
for surgical laser delivery currently used is an articulated arm [1]. However, articulated arms have several disadvantages, 
as there are often misalignment issues, the beam can move during use of the arm and as it is a complex system a 
dedicated and skilled technician is needed for the installation. Also this system restricts the movement of the surgeon and 
cannot be implemented in endoscopic or minimal invasive procedures. A robust and flexible fibre delivery system would 
alleviate these problems and radically increase the usefulness of surgical lasers. 
However the development of flexible fibre delivery system at this wavelength is challenging. Fibres based on 
Chalcogenides [2, 3], GeO2 [3]or Sapphire [4] have all been investigated extensively. They are all large core 
(multimoded) fibres, in order to reduce the intensity of the energy in the core because of their low optical damage 
threshold, and hence beam quality will be sensitive to bending [5]. An important requirement for the fibres to be able to  
 
*au36@hw.ac.uk; phone: +44 (0)131 451 4245 
  
 
 
 
 
Figure 1: Absorption of water versus wavelength 
be used in surgical applications is that they should be non-toxic and biocompatible, this is not always the case for the 
mid-IR fibres used at the moment. Also these fibres tend to have a low mechanical strength which does not fit with the 
need of reliability in surgery. There exists a range of hollow optical waveguides, which confine optical radiation by a 
number of different mechanisms, designed to guide in the infrared wavelength range from 3 µm to 20 µm [6]. One of the 
main benefits of this fibre type is the guidance of light in a gaseous medium and therefore it is expected that they have 
high damage thresholds compared to more traditional solid core fibres. Also, by eliminating end reflections, a high 
coupling efficiency is possible [7] and they are relatively low cost (compared to sapphire fibres or chalcogenide glass 
fibres). However, most types of hollow core fibre are highly multimode, which leads to high bend losses [8], [9] [10]. 
The multimode behaviour also has the disadvantage that the output beam profile changes as the fibre is bent which 
changes the power density available to the surgeon [11]. Obviously this is not ideal when considering the precise nature 
of surgical procedures, the surgeon needs confidence that his instrument will reliably and controllably cut tissue exactly 
where they want. One class of hollow waveguide, the Hollow Core-Photonic Crystal Fibre (HC-PCF)  is of interest for 
many applications because these fibres can guide single-mode and are relatively bend insensitive compared to more 
traditional hollow waveguides [12], [13]. The unique guiding mechanism is achieved by a periodic structure surrounding 
the core. This structure is made of air holes in fused silica leading to a photonic bandgap material within which particular 
frequencies of E-M waves cannot propagate, and which are therefore confined inside the core. Delivery of high energy 
nanosecond pulses at 1064 nm has already been demonstrated with this class of fibre [12], [14]. However, with HC-PCFs 
it is also possible to extend the transmission window of silica significantly beyond that exhibited by the bulk material as 
the majority of the light is guided in air; indeed fibres have already been demonstrated that guide light of wavelength of 
~3 µm [13], with low attenuation.  The cross section of a hollow core fused silica fibre guiding in the 2.94 µm region is 
shown in Figure 2.   
 
 
Figure 2: SEM picture of the HC-PCF used in this paper 
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In this paper we present work on the fabrication of and delivery of high power pulses through a HC-PCF at 2.94 µm and 
discuss the feasibility of a working system for surgical applications.   
2. EXPERIMENTAL MATERIALS, METHODS AND SETUP 
2.1 Laser 
For the characterisation of high peak power laser beam delivery through the fibre an Impex High Tech ERB 15 laser was 
used. The operating wavelength is 2.937µm and the pulse length is 225µs FWHM, see    Figure 3, at a repetition rate of 
~15 Hz. The spatial profile of the laser for high power pulse configuration had a doughnut shape (see Figure 4) and a M
2
 
of ~2.5. 
 
                 
   Figure 3: Temporal profile of the laser pulse             Figure 4:  Spatial beam profile of the laser 
 
2.2 Fibre 
The production method for the fibre used in this work is a based on standard stack and draw process. A preform is 
stacked out of capillary tubes with a diameter of around 1-2mm, which has a geometry and periodic structure similar to 
that of the final desired fibre structure. This preform is then placed in a fibre drawing tower and drawn down to a cane. 
This cane is then subsequently drawn down to the final fibre dimensions. By controlling the pressure difference between 
the hollow core and the hollow and the space between cladding and jacketing tube cladding region during the final fibre 
drawing stage it is possible to control the pitch (distance between two air holes in the cladding) and the core diameter 
and it is these parameters that dictate the wavelength at which the fibres operate. Without this additional pressure the 
core and surrounding structure would tend to collapse. Another parameter which has to be taken into account is the 
drawing speed of the fibre. As the dimensions of the pitch and core dictate the bandgap of the fibre it is of critical 
importance to control these accurately. A schematic of this procedure is shown in Figure 5. Suprasil silica (F300) was 
used for the fabrication of the HCPCF. An attenuation measurement is shown in Figure 6. The loss at this wavelength is 
~1.2dBm
-1
. As can be seen in Figure 7 the bulk attenuation for Suprasil F300 at 2.94 µm is 50 dBm
-1
 [15]. No particular 
care or special procedure was taken during fabrication of the fibre to control water levels. However, following fibre 
fabrication it is necessary to keep the fibre hermetically sealed to avoid water ingress. 
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Figure 5:  Steps in the fabrication of photonic crystal fibres. A) 1 mm thick capillaries are drawn to precise dimensions and 
then B) Stacked to form the desired "preform". C) The preform is fused together and drawn down in size to a "cane" (~ 1 mm 
in diameter). D) In the final drawing step, the cane is drawn down to fibre and encased in a silica outer cladding.  
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Figure 6: Loss spectrum for the 2.94µm fibre  Figure 7: Bulk attenuation for dry silica (Suprasil 
F300) used for the fabrication of the HCPCF [15] 
 
2.3 High power pulse delivery setup 
For the high power pulse delivery the laser was operated with a maximum output power of about 260mJ. The laser 
output beam was magnified to 21mm (4σ) before using a final focusing lens with f=100mmm this lead to a spot size 
diameter of 46µm and a NA=0.12. The spot size is about double the size of the core but due to the relatively poor laser 
beam quality (M
2
=2.5) a compromise had to me made between the spot size and the NA. Previous investigations (larger 
NA=0.2 and smaller NA=0.05) have shown that the match of the NA is more important than the spot size for optimum 
coupling. However the coupling efficiency was still relatively low around 5%. The power onto the launching side of the 
fibre was attenuated by using one or several glass microscope slides (T=47%) in conjunction with variation of the flash 
lamp current to regulate the initial laser output power.  
A) 
B) 
C) 
D) 
  
 
 
 
Optimal fibre alignment was achieved by using a 3-axis microblock with additional pitch and yaw control. To prevent 
damage to the fibre launch side during the alignment the lowest possible power was set and the fibre was under constant 
monitoring by the means of a camera. The fibre output power was measured with an Ophir detector (PE50-DIF-ER-SH-
V2 ROHS). During this experiment the fibre was bent with a radius of around 10cm.  
 
3. RESULTS AND DISCUSSION 
3.1 High power pulse delivery results 
The maximum delivered power through a 0.4m long fibre was 14mJ. This is to our knowledge the highest power 
delivery in this fibre type at the 2.94µm wavelength. At higher powers the launching end of the fibre was destroyed as 
can be seen in Figure 8. However no damage at the output facet could be detected, which implies that with higher 
coupling efficiency the delivered power could be further increased.  Figure 9 shows the false colour near field image of 
the delivered beam profile and corresponding cross section. The image was taken by imaging the beam reflected on a 
ceramic surface with a mid IR camera (Electrophysics Cop., PV320 – L2E). 
 
 
Figure 8: Destroyed launching end of the fibre 
 
 
Figure 9: Beam profile of the delivered beam, a) False colour image as a reflection from a ceramic surface b) Cross section of 
the beam profile 
 
One problem with hollow fibres is the contamination of the core with debris and, specifically in surgical applications 
such as endoscopy, with blood and other fluids. Therefore sealing of the output end is mandatory, our solution is the use 
of a sapphire “end-cap” as presented in [16]. A schematic of the end tip is shown in Figure 10, the hermeticity and 
mechanical stability was shown to be acceptable for practical considerations [16].  
  
 
 
 
 
 
 
 
Figure 10: Schematic of the end tip 
 
A typical distance from the fibre end to the machined tissue is considered to be about 500µm due to the thickness of the 
“window” of the end tip and the distance of fibre to the window. With the NA of the fibre being 0.12 and a core diameter 
of 24µm this would lead to a spot size of 140µm. Taking into account the losses induced by the endtip (15%) and the 
fluctuation of the laser, a realistic delivered pulse energy would be 10.2mJ, this leads to an energy density of 66.2 Jcm
-2
, 
which considerably exceeds the ablation threshold of biological hard and soft tissue which is in the order of 1.6-6 Jcm
-2
 
for skin and bone and up to 35 Jcm
-2
 for human dental enamel [17-22]. 
4. CONCLUSION 
 
In this work we demonstrated transmission of high power pulses at 2.94µm through an all silica HC-PCF. The maximum 
pulse energy was 14mJ which is to our knowledge the highest achieved in this type of fibre. Also a practical approach 
was investigated showing that with an end tipped version power densities up to 66.2 Jcm
-2
 are feasible. Therefore we 
believe that the overall system could be applicable for surgical applications due to its many advantages as high power 
pulse delivery, biocompatibility, bend insensitivity, flexibility and good beam quality compared to other fibre delivery 
systems at this wavelength. 
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